Abstract. Oxidized low-density lipoprotein (ox-LDL) can increase the expression of adipophilin and the accumulation of intracellular lipid droplets. However, the detailed mechanisms remain to be fully elucidated. The present study aimed to investigate the mechanism underlying the effect of ox-LDL on the expression of adipophilin and the accumulation of intracellular cholesterol esters. The results revealed that ox-LDL increased the activation of protein kinase C α (PKCα), expression of adipophilin and acyl-coenzymeA: cholesterol acyltransferse 1 (ACAT1) and increased accumulation of intracellular cholesterol esters. In addition, PKCα siRNA abrogated ox-LDL-induced adipophilin, expression of ATAC1 and accumulation of cholesterol esters. Furthermore, ox-LDL increased the accumulation of intracellular cholesterol esters and expression of ACAT1, and this effect were reversed by transfection with adipophilin siRNA. Taken together, these results demonstrated that ox-LDL induces the accumulation of cholesterol esters, which is mediated by the PKCα-adipophilin-ACAT1 pathway.
Introduction
Atherosclerosis, a complex physiopathological process, is initiated by the infiltration of low-density lipoproteins (LDLs) into the subendothelial spaces, where they accumulate and become modified, predominantly by oxidation (1) (2) (3) . Macrophages, which are derived from monocytes in these areas, take up oxidized LDL (ox-LDL) through scavenger receptor pathways, resulting in lipid droplet accumulation and foam cell formation. Foam cells are known to be important in the development and progression of atherosclerosis through the production of various bioactive molecules and proteins, including growth factors and cytokines, and adipose differentiation-related protein or adipophilin (4, 5) . Adipophilin is a 50 kDa protein isolated from differentiating adipocytes. Adipohilin is encoded by a gene that is expressed in atherosclerotic plaques rich in macrophage-derived foam cells, which increases lipid storage (6, 7) . This suggests that adipophilin may be a specific marker for lipid accumulation in cells.
Previous studies have indicated that PKCα is expressed by the formation of foam cells, and that apolipoprotein-induced cholesterol efflux is reversed by a PKCα inhibitor (8, 9) . This suggests that PKC is closely associated with the accumulation of cholesterol esters. Acyl-coenzyme A:cholesterol acyltransferase 1 (ACAT1) is the predominant enzyme involved in the synthesis cholesterol ester in cells, which maintains the intracellular metabolic balance of cholesterol. The distribution of synthetic lipids is determined by the status of the cells. ACAT1 is located in the endoplasmic reticulum (10) . When the accumulation of intracellular lipids increases, the synthetic lipids form lipid droplets, which are then stored in the cytoplasm (11) . Robenek H et al generated foam cells from macrophages incubated with acetylated LDL (12) , and demonstrated that adipophilin accumulates in the leaf of endoplasmic reticulum in the outer face of the cytoplasm, which is close to the lipid droplet surface (12) . Therefore, the subcellular localization of the two substances, adipophilin and ACAT1, are close. Gao cell uptake and binding of fatty acids, therefore, fatty acids can be induced by the expression of adipophilin (13) . As fatty acy1-CoA was used as the substrate of ACAT1 in the cells, adipophilin and ACAT1 were also demonstrated to be closely associated in function, and the data revealed that adipophilin and ACAT1 are associated with the accumulation of intracellular cholesterol ester. The present study was performed to examine the signaling pathway linking ox-LDL and the accumulation of intracellular cholesterol ester, and the association between adipophilin and ACAT1.
Materials and methods
Materials. RPMI-1640 medium, trypsin and fetal bovine serum (FBS) was purchased from Hyclone (Logan, UT, USA). the ReverAidTM First-Strand cDNA Synthesis kit and Lipofectamine 2000 and TRIzol reagent were purchased from Invitrogen Life Technologies (Carlsbad, CA, USA). The bicinchoninic acid (BCA) protein assay reagent was purchased from Pierce Biotechnology, Inc., Rockford, IL, USA). β-actin rabbit anti-human antibody (cat. no. ab199406), and horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody (cat. no. 2109) were purchased from Abcam (Cambridge, UK). Rabbit polyclonal anti-PKCα (sc-358943), anti-phosphorylated (p)-PKCα (Thr638; cat. no. 135685), anti-adipophilin (cat. no. 32888) and anti-ACAT1 (cat. no. sc-69836) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). All other reagents were obtained at optimal grade, available from commercial sources.
Cell cultures. The RAW264.7 mouse macrophage-like cell line, purchased from the Cell Bank at the Shanghai Institute of Cell Biology of Chinese Academy of Sciences (Shanghai, China), was incubated using RPMI-1640 medium containing 25 mmol/l HEPES buffer and 10% fetal bovine serum at 37˚C in 5% CO 2 . Safe Packaging Line PA317 cells, were provided by the Department of Biochemistry of Central South University (Hengyang, China), were cultured in DMEM-high containing 25 mmol/l HEPES buffer and 10% FBS at 37˚C in 5% CO 2 . The cells were cultured without serum for at least 6 h prior to initiation of the experiments.
Preparation of ox-LDL. The native LDL was obtained from Sigma-Aldrich (St. Louis, MO, USA). LDL was oxidized with CuSO 4 at 37˚C for 18 h and transferred into ethylene diamine tetraacetic acid (EDTA; 200 µmol/l) in phosphate-buffered saline (PBS) for 24 h at 4˚C to remove Cu 2+ . Subsequently, the product was dialyzed in PBS for 24 h at 4˚C to remove the EDTA. LDL oxidation was confirmed using thiobarbituric acid reaction substances (Shanghai XiTang Biotechnology Co., Ltd., Shanghai, China), with malondialdehyde as the standard. The content of ox-LDL was 1.12±0.056, compared with 0.30±0.067 nmol/100 µg protein in the native LDL preparation (P<0.01). The ox-LDL was then sterilized by filtration and stored at 4˚C, as previously described (14) .
Transfection of small interfering (si)RNA. siRNA targeting PKCα, adipophilin and ACAT1 was purchased from Santa Cruz Biotechnology, Inc. A control siRNA, specific for red fluorescent protein (CCACTACCTGAGCACCCAG) was used as a negative control. The cells (4x10 5 /well in 6-well plates) were cultured without antibiotics or serum at 37˚C for 6 h at 50% confluence. Different concentrations of RNA interference reagent (A; siRNA; 100 nmol/l per well of a 12-well plate) and RNA transfection reagent (B; Lipofectamine 2000; 2 µl/well of a 12-well plate) were diluted. Prior to transfection, the interference reagent was mixed with the transfection reagent and incubated for 30 min. The cells were then washed three times with PBS at room temperature then cultured in 30% serum Dulbecco's modified Eagle's medium.
RNA isolation and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA was extracted using TRIzol reagent, according to the manufacturer's instructions. The RNA (1 µg) was reverse transcribed into cDNA using a Taq Man Reverse Transcription Reagent kit (Applied Biosystems Life Technologies, Foster City CA, USA), of which 2 µg was used in an Real Time qPCR Detection system (StepOne TM Real-Time PCR systems; Applied Biosystems Life Technologies) for the evaluation of the relative mRNA levels of apo (a). GAPDH served as the control. The primer sequences and amplification-specific gene products were as follows: GAPDH, sense 5'-TGCCATCAACGACCCCTT CA-3' and antisense 5'-TGACCTTGCCCACAGCCTTG-3'; adipophilin, sense 5'-TGCCATCAACGACCCCTT-3' and antisense 5'-ACAGTGGGACTCATCGGTGTC-3; and ACAT1, sense 5'-TGCCTGAGCTACTTCTACCCA-3'and antisense 5'-CACGTAACGACAAGTCCAGGT-3'. The PCR cycling conditions were as follows: GAPDH, denaturation at 94˚C for 5 min, 35 cycles of 94˚C for 30 sec, 60˚C for 30 sec and 72˚C for 45 sec, and 72˚C for 5 min; adipophilin, denaturation at 94˚C for 5 min, 35 cycles of 94˚C for 1 min, 55˚C for 1 min and 72˚C for 30 sec, and 72˚C for 5 min; ACAT1, denaturation at 94˚C for 5 min, 35 cycles of 95˚C for 30 sec, 60˚C for 30 sec and 72˚C for 40 sec, and 72˚C for 5 min. The quantitative results for ACAT1 and adipophilin were normalized to the levels of GAPDH mRNA. The resulting PCR products were separated on a 1.2% agarose gel and stained with ethidium bromide. The cycle threshold (Ct) value of each sample was calculated from the threshold cycles, using the software embedded in the RT-qPCR machine (SDS 2.3), wherein the relative expression of adipophilin and ACAT mRNA were normalized to the levels of GAPDH. Relative expression levels were determined by normalization (15) .
Western blot analysis. The cells (2x10
6 /well in 6-well plates) were immediately lysed in ice-cold lysis buffer containing 50 mM tris, 150 mM sodium chloride, 2 mM EDTA, 1 mM phenylmethyl sulfonylfluoride (94:6), 1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 50 mM sodium fluoride, 1 mM sodium orthovanadate, 15 mM sodium pyrophosphate, and 10 mM β-glycerophosphate. Following lysis, the samples were centrifuged at 10,000 rpm for 10 min at 48˚C, and the supernatants were collected. The protein concentration was determined using Coomassie brilliant blue (Biotechnology Co., Ltd., Suzhou, China). The proteins were separated by 10% SDS-PAGE and electrophoretically transferred onto a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). The membranes were blocked at 4˚C for 4-6 h with tris-buffered saline containing Tween 20 (TBS-T). The membrane was then immunoblotted with the following antibodies: Anti-adipophilin (1:500), anti-ACAT1 (1:500), anti-PKCα (1:500), anti-phospho-PKCα and anti-β-actin (1:1,000) for 3 h at room temperature. After washing three times with TBS-T, the membranes were incubated at room temperature for 1 h with HRP-conjugated goat anti-rabbit or anti-mouse secondary antibodies (1:3,000). The membranes were washed with TBS-T and immunoreactive proteins were visualized using an Enhanced Chemilluminence (ECL) Plus kit (Shanghai XiTang Biotechnology Co., Ltd.), and were exposed to X-ray film. The immunoreactive bands were quantified using AlphaImager 2200 software (Beijing Representative Office of Natural Gene, Ltd., Beijing, China), and the data represent the protein variation following treatment.
Oil red O staining. Lipid accumulation was measured in the RAW264.7 cells through the staining of neutral fats and cholesterol esters using Oil Red O. The cells were seeded into 6-well plates with slides at a density of 4x10 5 cells/cm 2 and cultured for 24 h. Subsequently, the cells were rinsed with PBS three times and fixed with 50% isopropyl alcohol for 1 min at room temperature. The cells were then incubated with fresh filtered oil red O solution (60% saturated oil red O/40% deionized water) for 10 min. For analysis, the slides were then counterstained with hematoxylin and mounted in glycerol/gelatin solution. Images of the cells were captured using a light microscope (XSZ-2105; Olympus Corporation, Tokyo, Japan). The intracellular lipid droplets were stained red and the nuclei were stained blue (14) .
High-performance liquid chromatography (HPLC) assays.
HPLC analysis was performed, as described previously (14) . Briefly, the cells were washed three times with PBS. The appropriate volume (1 ml) of 0.5% NaCl was added to between ~50 and 200 mg cellular proteins per ml. The cells (2x10 6 /well in 6-well plates) were sonicated using an ultrasonic processor (JY92-IIN/JY92-IIDN; Shanghai Selon Scientific Instrument Co., Ltd., Shanghai, China) for 2 min. The protein concentration in the cell solution was measured using a BCA kit. A 0.1 ml aliquot of the cell solution (containing 5-20 µg protein) was used to measure free cholesterol, and a different aliquot was used to measure total cholesterol. Free cholesterol was dissolved in isopropanol (1 mg cholesterol/ml) and stored at -20˚C as a stock solution. A cholesterol standard calibration solution ranging between 0 and 40 mg cholesterol/ml was obtained by diluting the cholesterol stock solution in the same cell lysis buffer. Subsequently, 0.1 ml each sample (cholesterol standard calibration solutions or cell solutions) was supplemented with 10 ml reaction mixture, containing 500 mM MgCl 2 , 500 mM Trise HCl (pH 7.4), 10 mM dithiothreitol and 5% NaCl. A total of 0.4 units cholesterol oxidase in 10 ml 0.5% NaCl was added to each tube for free cholesterol determination, while 0.4 units cholesterol oxidase and 0.4 units cholesterol esterase were added to each tube for total cholesterol measurement. The total reaction solution in each tube was incubated at 37˚C for 30 min, and 100 ml methanol:ethanol mixture (1:1) was then added to terminate the reaction. Each solution was maintained at cold temperature for 30 min to enable protein precipitation and then centrifuged at 272 x g for 10 min at 15˚C. Subsequently, 10 ml supernatant was transferred onto a chromatograph system (PerkinElmer, Inc., Waltham, MA, USA), which consisted of a PerkinElmer Series 200 vacuum degasser, pump, PerkinElmerSeries 600 LINK, PerkinElmer series 200 UV/vis detector, and a Discovery C-18 HLPC column (Supelco, Inc., Bellefonte, PA, USA). The column was eluted using an isopropanol:n-heptane:acetonitrile mixture (35:13:52) at a flow rate of 1 ml/min for 8 min. The absorbance at 216 nm was monitored. Data were analyzed using Total Chrom software (PerkinElmer, Inc.).
Statistical analysis.
All results are expressed as the mean ± standard deviation from three independent experiments, and data were analyzed using one-way analysis of variance and Student's t-test, using SPSS 13.0 software(SPSS, Inc., Chicago, IL, USA). P<0.05 was considered to indicate a statistically significant difference.
Results

Effect of ox-LDL on the expression levels of PKCα, adipophilin
and ACAT in RAW264.7 cells. In the present study, the effects of ox-LDL on the expression levels of PKCα, p-PKCα, adipophilin and ACAT1 in RAW264.7 cells were first examined. The RAW264.7 cells were maintained in fresh serum-free medium for 6 h to obtain synchronisation of growth, following which the medium was replaced with fresh serum-free medium containing different concentrations of ox-LDL (50 mg/l) and incubated with the cells for 24 h (14) . The results of RT-qPCR and western blotting (Fig. 1) indicated that ox-LDL induced the expression of adipophilin and ACAT1. Ox-LDL is expected to increase the expression and phosphorylation of PKC in THP1 macrophages. The results of the present study demonstrated that ox-LDL did not increase the expression of PKCα in the RAW264.7 cells, but ox-LDL increased the phosphorylation of PKCα and the accumulation of intracellular lipid droplets.
Effect of the accumulation of cholesterol esters and expression of adipophilin and ACAT1 on PKCα inhibition.
PKCα is expressed and activated by foam cell formation, as previously reported (8) . Consistent with PKCα, adipophilin and ACAT1 are also expressed significantly during foam cell formation (15, 16) . Therefore, the present study investigated the involvement of PKCα signals in Ox-LDL-induced expression of adipophilin and ACAT1 in RAW264.7 cells. To confirm whether the expression of adipophilin and ACAT1 were due to PKCα signaling, the RAW264.7 cells were pre-incubated with either PKCα siRNA or scramble siRNA (NA) for 24 h followed by 50 mg/ml Ox-LDL for 24 h. As shown in Fig. 2 , following treatment with PKCα siRNA for 24 h, the expression levels of adipophilin and ACAT1 were decreased significantly. The increase in intracellular lipid droplets and cholesterol esters was also inhibited by PKCα siRNA ( Fig. 3 ; Table I ). These data demonstrated that ox-LDL induced the accumulation of cholesterol esters and the expression levels of adipophilin and ACAT1 via PKCα signaling. Figure 1 . Ox-LDL increases the phosphorylation of PKCα, and the expression levels of adipophilin and ACAT1, and increases lipid droplet accumulation. (A) RAW264.7 cells were incubated with either 50 mg/ml Ox-LDL for 24 h or with 10% BSA for 24 h. The mRNA expression levels of PKCα, adipophilin and ACAT1 were analyzed using reverse transcription-quantitative polymerase chain reaction and normalized to GAPDH transcripts. (B-D) Expression levels of PKCα, p-PKCα, edipophilin and ACAT1 in whole cell lysates from RAW264.7 cells treated for 24 h with 50 mg/ml Ox-LDL, analyzed using western blot analysis and densitometry. (E) RAW264.7 cells were incubated with either 50 mg/ml Ox-LDL for 24 h or 10% BSA for 24 h. The cells were then stained with oil red O. Intracellular lipid droplets are stained red and nuclei are stained blue (magnification, x100). Ox-LDL, oxidized low density lipoprotein; con, control; PKC, protein kinase C; p-, phosphorylated; ATAC1, adipophilin and acyl-coenzymeA:cholesterol acyltransferse 1. Figure 2 . Ox-LDL-induced expression of adipophilin and ACAT1 by PKCα. (A) RAW264.7 cells were pre-incubated with PKCα siRNA or NA for 24 h followed by 50 mg/ml ox-LDL for 24 h. mRNA levels of adipophilin and ACAT1 were determined using reverse transcription-quantitative polymerase chain reaction and normalized to GAPDH. (B-D) RAW264.7 cells were pre-incubated with 10 µM PKCα siRNA for 24 h followed by 50 mg/ml ox-LDL for 24 h. Cell proteins were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and immunoblotted with polyclonal anti-adipophlin and anti-ACAT1 antibodies. All data are expressed as the mean ± standard deviation of three independent experiments, each performed in triplicate. 
Effect of the expression of ACAT1 and accumulation of cholesterol esters on adipophilin inhibition in RAW264.7 cells. Forcheron et al demonstrated that adipophilin and
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ACAT1 are expressed in atherosclerotic plaques and, compared with the surrounding tissue of the plaques, are increased significantly (17) . This indicates that adipophilin is closely associated with ACAT1. In order to examine the association between adipophilin and ACAT1, the present study determined the expression level of ox-LDL-induced ACAT1 using RT-qPCR and western blot analysis, and the accumulation of intracellular lipids was detected using oil red O staining following pre-incubation of the RAW264.7 cells with adipophilin siRNA or scramble siRNA for 24 h. The results, as shown in Figs. 4 and 5 and Table II , demonstrated that inhibited adipophilin partly attenuated the ox-LDL induced expression of ACAT1, and decreased the accumulation of intracellular lipid droplets and cholesterol esters. A previous study indicated that cholesterol from internalized lipoproteins is converted to cholesteryl esters by ACAT1 (18) . In the present study, ACAT1 siRNA was transfected into RAW264.7 cells prior to ox-LDL treatment, and the results (Table III) revealed that the accumulation of cholesteryl esters was inhibited by ACAT1 siRNA. Therefore, these data suggested that ox-LDL increased the 
Discussion
Macrophages contribute to the formation of arterial lesions by accumulating excessive amounts of lipids, predominantly cholesterol esters, through the accumulation of cholesterol esters by a variety of mechanisms, including ACAT1, the enzyme responsible for the esterification of intracellular free cholesterol. Thus, elimination of accumulated cholesterol esters from macrophage foam cells represents a promising therapeutic approach in the prevention of atherosclerotic lesions (19) .
Adipophilin is a 50 kDa protein, which is upregulated in atherosclerotic plaques and is associated with the development of atherosclerosis. Lipid storage is facilitated by the production of large quantities of lipid vesicle coating proteins, including adipophilin and perilipin (6,7), thus preventing lipid efflux from macrophages. A previous study suggested that ox-LDL increases the expression of adipophilin in THP1 macrophage-derived foam cells, and inhibition of adipophilin reduces the formation of lipid droplets and foam cells. These observations suggested that adipophilin is involved in lipid storage and is relevant to atherosclerosis. Our previous study also indicated that ox-LDL induces the expression of adipophilin (14) . In the present study, the results demonstrated that ox-LDL increased the expression of adipophilin. Furthermore, previous studies demonstrated that the knockdown of adipophilin by siRNA attenuated the ox-LDL-induced expression of adipophilin and accumulation of lipid droplets (20) (21) (22) . These results demonstrated that adipophilin was involved in the accumulation of lipid droplets and promoted the formation of foam cells.
ACAT1 is a 56 kDa protein present in the brain, liver, adrenal glands and macrophages, and is important in the formation of macrophage-derived foam cells in atherosclerotic lesions by catalyzing the formation of cholesteryl esters (19, 23) . Inhibition of the expression of ACAT1 has reduced the incidence of atherosclerosis (24) . Yang et al reported that ox-LDL increases the expression of ACAT1 in macrophages and causes macrophages to become foamy in appearance, which is a hallmark appearance of early atherosclerotic lesions (25) . In advanced lesions, in addition to cholesteryl esters, free, unesterified, cholesterol also accumulates in macrophages. In the present study, RAW264.7 cells were preincubated with ACAT1 siRNA or scramble siRNA for 24 h, followed by treatment with 50 mg/ml Ox-LDL for 24 h. The results demonstrated that the ox-LDL-induced accumulation of intracellular lipid droplet and cholesterol esters were suppressed by ACAT1 siRNA. This finding was consistent with that of Naomi et al. In addition, previous studies have reported that adipophilin and ACAT1 are present in atherosclerotic plaques simultaneously (26) and, compared with the tissue surrounding the plaque, adipophilin and ACAT1 exhibited increased levels of expression in atherosclerotic plaques (26) . Therefore, the present study hypothesized that there is a molecular interaction between adipophilin and ACAT1 and, to investigate whether ACAT1 was the downstream factor of adipophilin, the RAW264.7 cells were transfected with adipophilin siRNA prior to ox-LDL. The results indicated that ACAT1 siRNA partly attenuated the ox-LDL-induced expression of ACAT1 and decreased accumulation of intracellular lipid droplets and cholesterol esters. This demonstrated that ox-LDL induced the accumulation of intracellular lipid droplets and cholesterol esters, at least in part, via the adipophilin-ACAT1 pathway, and ACAT1 may be a downstream factor of adipophilin.
PKCα is a member of the serine/threonine family of kinases. Previous studies have indicated that ox-LDL-induced PKCα activation depends on O2
•- (27) and that the expression of PKCα is high in atherosclerotic plaque (28) . The present study also demonstrated that the overexpression and activation of PKCα was induced by ox-LDL. These findings suggest that PKCα signaling may be involved in the ox-LDL-induced accumulation of cholesterol esters and expression of adipophilin and ACAT1. PKCα activation stimulates PPARγ, and the expression of adipophilin and ACAT1 are regulated by PPARγ (29, 30) . Thus, the present study hypothesized that ox-LDL-induced expression of adipophilin and ACAT1 may occur through PKCα signaling. To explain this hypothesis, the involvement of alternative signaling pathways were examined. The RAW264.7 cells were pre-incubated with PKCα siRNA or scramble siRNA for 24 h and then treated with ox-LDL. The results revealed that the expression levels of adipophilin and ACAT1 were inhibited, and the accumulation of intracellular lipid droplets and cholesterol esters were reversed, suggesting that ox-LDL-induced expression of adipophilin and ACAT1 depend on PKCα signaling.
In conclusion, the present study demonstrated that ox-LDL induced the upregulation of the expression levels of adipophilin and ACAT1, and increased the accumulation of cellular cholesterol esters by PKCα signaling. In addition, ox-LDL increased the accumulation of cellular cholesterol esters via PKCα-adipophilin-ACAT1 and PKCα-ACAT1 signaling. These findings provide evidence for the role of ox-LDL in promoting the progression of atherosclerosis.
